Purpose of review By necessity, the vast majority of information we have on autoreactive T cells in human type 1 diabetes (T1D) has come from the study of peripheral blood of donors with T1D. It is not clear how representative the peripheral autoreactive T-cell repertoire is of the autoreactive T cells infiltrating the islets in T1D. We will summarize and discuss what is known of the immunohistopathology of insulitis, the T-cell receptor repertoire expressed by islet-infiltrating T cells, and the autoreactivity and function of islet-infiltrating T cells in T1D.
INTRODUCTION
Our understanding of the targets of autoreactive CD4 þ and CD8 þ T cells in individuals at risk for or with type 1 diabetes (T1D) has come, by necessity, from the study of these cells in peripheral blood. Tcell targets in human T1D for CD4 þ T cells include peptides of glutamic acid decarboxylase (GAD65) [1] , proinsulin, insulin, islet antigen 2, chromogranin A [2] , zinc transporter 8 [3] , and others (reviewed in [4, 5] ). Targets of autoreactive CD8 þ T cells in the periphery include peptides from (prepro)insulin, islet antigen 2, islet-specific glucose-6-phosphatase catalytic subunit-related protein, GAD65, islet amyloid polypeptide precursor protein (IAPP), and zinc transporter 8 [3] [4] [5] [6] [7] [8] [9] [10] . More recently, a new class of autoreactivity has been identified in T1D: autoreactivity to modified autoantigens [11,12 && , [13] [14] [15] 16 && , 17-19,20 && ]. Human autoreactive T cells that recognize and respond to epitopes containing post-translational modifications such as a vicinal disulfide bond in insulin [13] , citrullination or deamidation [11, 14, 15, 16 && , [17] [18] [19] 20 && ], or hybrid insulin peptide fusions of proinsulin C-peptide with islet amyloid polypeptide or neuropeptide-Y [12 && ] have been described and characterized.
It has become clear that islets can remain functional several years after clinical diagnosis of T1D [21] . Insulin-expressing islets are still apparent several years postdiagnosis [22 && ] and functional autoimmune responses are still detected long after diagnosis [23, 24] . The gold standard in preventive and therapeutic strategies for T1D-involving islet replacement or regeneration is to suppress, tolerize, or anergize the autoreactive T-cell response while leaving the immune system intact to respond to foreign antigens (i.e., infections), and to avoid the
ISLET-INFILTRATING T CELLS: HISTOLOGICAL AND IMMUNOHISTOLOGICAL DETECTION
Cellular infiltrate in the islets in individuals with T1D has been known for decades [25] . The histological study of two major collections, from several decades ago, of pancreata from individuals with T1D has informed investigators of the characteristics of insulitis [26] [27] [28] [29] [30] [31] and examination of these valuable tissues continues [32] . The Network of Pancreatic Organ Donors with Diabetes (nPOD, http:// www.jdrfnpod.org/) was established to recover, archive, and characterize, and then distribute pancreas and other tissues from donors with T1D to investigators [33, 34] . In a meta-analysis of immunohistochemistry studies of pancreata from donors with T1D, insulitis was described as at least 
CELLS IN ISLETS
Although the visualization of T-cell subsets in insulitis in sectioned pancreas has been described for decades, the direct visualization of autoantigenspecific T cells in situ has only been accomplished within the last 5 years. In a landmark technical and scientific advance, Coppieters et al. [41] used defined autoantigenic peptide-loaded HLA-A2 tetramers [10] to stain pancreas sections from donors with T1D and detected CD8 þ T-cell reactivity in situ in islets from individuals with T1D (disease duration of up to 8 years), but not in islets from control donors. Both single and multiple CD8
þ T-cell autoreactivities were observed within single islets [41] . This is the first direct visualization of autoreactive CD8 þ T cells in human insulitis.
T-CELL RECEPTOR REPERTOIRE OF AUTOREACTIVE T CELLS: SIGNS OF OLIGOCLONAL EXPANSION
Autoantigen-driven clonal expansion of T cells is considered a hallmark of the pathophysiology of T1D. Examination of pancreata from donors with T1D for expanded T-cell receptor (TCR) clonotypes has yielded mixed, but encouraging results. Three reports found specific TCR b-chain expansions [45] [46] [47] from pancreata from donors with T1D, whereas another study found restricted TCR a-chain usage from the pancreata from eight donors with T1D [48] . These results indicate that multiple T cells autoreactive with the same epitope can be found in pancreata from donors with T1D.
DIRECT RECOVERY OF LIVE ISLET-INFILTRATING T CELLS: A NEW ERA
The technology for islet isolation from human pancreata, especially from juveniles with conditions like pancreatitis [49] , has allowed for the isolation of islets from individuals with T1D and the recovery of live islet-infiltrating T cells directly from islets. In a pioneering study, Pathiraja et al. [50 && ] isolated islets from a male tissue donor who was diagnosed with T1D at the age of 16 years, with a disease duration of
KEY POINTS
Heterogeneous nature of insulitis in human T1D observed in histological studies of pancreata from donors with T1D and in analyses of live, islet-infiltrating T cells.
Broad repertoire of islet-infiltrating T-cell autoreactivity included recognition of known islet-derived peptides and as well as post-translationally modified peptides.
Islet-infiltrating T cells were proinflammatory.
Narrowing in on the anti-b cell-specific T cells Kent and Babon Ã 02 : 01). The investigators were able to visualize islet-infiltrating T cells ex vivo from dispersed islets by flow cytometry and generated 53 T-cells clones from these islets. Interestingly, 26% of the clones recognized overlapping peptides in the Cpeptide of proinsulin presented in the context of DQ8 and DQ2-DQ8 transdimer [50 && ]. Recently, two networks of investigators have recovered the pancreata from multiple tissue donors with T1D. These donors were recovered through the highly collaborative and coordinated efforts of Vanderbilt University and from nPOD via collaborative agreements with the National Disease Research Interchange (NDRI) and the International Institute for the Advancement of Medicine (IIAM). Islets were isolated from these cases and then distributed to a number of b-cell biology and immunology laboratories, including ours. We received islets from nine donors with T1D (disease duration 2-20 years), from seven donors without T1D, and from two donors with type 2 diabetes.
Islets ($500-1000 islet equivalents; IEQ) were received within 2-5 days after donor brain death and were of variable purity (10-80%). Lymphocytic infiltrate in pancreatic acinar tissue has been reported from pancreata such as these [51, 52] . Thus, to increase our odds of isolating islet-infiltrating, autoreactive T cells, we handpicked the islets from each donor upon receipt and isolated the T cells by using two compatible methods. The first method utilized flow cytometry and cell sorting to capture the ex-vivo frequency of islet-infiltrating CD4 þ and CD8 þ T cells. In total, 100 IEQ were dispersed using a brief enzyme treatment, and then stained with a viability dye and lymphocyte markers (CD45, CD3, CD19, CD4, and CD8) immediately after handpicking islets. We chose to apply broad markers for T cells as we wanted to be able to detect and isolate any T cells that had infiltrated the islets. From flow cytometry, an average of 221 AE 471 CD4 þ T cells and 155 AE 210 CD8 þ T cells were detected (average CD4:CD8 ratio; 1.4 : 1) from the islets from donors with T1D, whereas three CD4 þ and 31 CD8 þ T cells were detected from islets of only one donor without T1D. CD4 þ and CD8 þ T cells were also sorted onto irradiated feeders with polyclonal T-cell stimulation and cytokines for in-vitro expansion.
In the course of handpicking islets, we noted that carryover of cells other than islets was unavoidable in some instances. We then employed a second method to directly visualize cellular growth from individual islets. We plated 100 handpicked IEQ on a gel matrix with polyclonal T-cell stimulation and cytokines for further expansion. Direct cellular outgrowth from individual islets was visible in 5-10 days and we observed outgrowth from an average of 26% of the islets from the donors with T1D, but only 0.6% of the islets from donors without T1D (represented by one donor) or with type 2 diabetes. These results were expected based on studies of pancreata from individuals without T1D [22 && ]. From the average number of recovered islets from the donors with T1D, we examined 0.56% of these islets.
We þ T-cell lines from the islets of one donor with T1D were reactive with a pool of HLA-A2 pentamers loaded with peptides from insulin B chain, islet antigen 2, and islet-specific glucose-6-phosphatase catalytic subunit-related protein [10] . The remaining CD8b þ T cells in these lines are still uncharacterized, highlighting the need for single cell cloning and further characterization of the CD8 þ T-cell lines. Although the information with regard to the autoreactivity of islet-infiltrating CD8 þ T cell is sparse to date [41, 53 && ], analysis of these islet-infiltrating CD8 þ T cells will yield important information concerning the functional phenotype of these cells.
From the 111 CD4 þ T-cell lines and clones from islets of the nine donors with T1D, 50 of these were tested for reactivity against a large panel of peptides previously shown to be recognized by peripheral T cells of individuals with T1D in the context of the risk alleles HLA DRB1 Ã 03 : 01, DRB1 Ã 04 : 01 or DQB1 Ã 03 : 02 (reviewed in [4, 5] ). Islet-infiltrating CD4 þ T cells were shown to have reactivity to peptides from GAD65, proinsulin, islet antigen 2, and reactivity to B-cell lines transduced with the open reading frames for proinsulin or chromogranin A. CD4 þ T-cell lines or clones were found to be reactive with post-translationally modified peptides, including citrullinated peptides from glucose-regulated protein 78 [17] and IAPP. In addition, CD4 þ T-cell lines or clones were found to be reactive with hybrid insulin peptides [12 && ] consisting of fusions of the C-peptide with insulin A chain, neuropeptide Y, and two peptides from IAPP. In early passages (1-3) of the CD4 þ T-cell lines and clones, peptide-specific cytokine secretion was measured by multiplexed Luminex (Austin, TX, USA) analysis. All lines and clones secreted interferon (IFN)g, with some additionally secreting tumor necrosis factor (TNF)a and/or interleukin (IL)-2 with variable secretion of IL-9, chemokine (C-C motif) ligand 20 (CCL20), or granulocyte macrophage colony-stimulating factor (GM-CSF). Two lines secreted IL-13 in a nonpeptidespecific manner. IL-4 and IL-5 were not detected from any autoreactive T-cell line or clone. Taken together, these data indicate an inflammatory islet microenvironment with a broad repertoire of CD4 þ and CD8
þ T-cell autoreactivity in the islets of donors with T1D.
It is important to note that no one method can give us a complete picture of the islet-infiltrating Tcell repertoire. Generally, it is not possible to assign an entire pancreas or even one tissue block for analysis by a single method as the requests for these tissues are numerous from b-cell biology and immunology laboratories; usually, even sectioning through an entire islet (through the z-axis) is not done routinely. When islets are isolated from the donors with T1D, tissue blocks (both for cryosectioning and for paraffin embedding and sectioning) are taken from spatially defined regions, whereas the rest of the pancreas is processed for islet isolation. Given the heterogeneous distribution of islets with insulitis, it is possible that the numbers of islets per case analyzed may not reflect the overall repertoire, but a subset of that repertoire. In addition, the isletinfiltrating repertoire is likely to be dependent on the disease duration with epitope spreading [54] [55] [56] , the pattern of HLA expressed by each individual, and, possibly, other factors that remain to be discovered. It is also important to note that the methods used here [50
&&

,53
&& ] introduce growth bias. Nonetheless, these large banks of islet-infiltrating T cells are a resource for the T1D community. These methods in combination with other methods, such as phenotyping with mass cytometry and single cell RNA sequencing, may serve to give us a more complete analysis of islet-infiltrating T cells in future studies. The analysis of islets recovered from donors with new onset T1D and from donors who are autoantibody positive, but without a clinical diagnosis of T1D, will yield important information concerning the autoreactivity and function of isletinfiltrating T cells prior to disease onset.
CONCLUSION
Our current understanding of insulitis in humans with T1D has expanded from immunohistochemical characterization, including detection of specific autoreactive CD8 þ T cell in situ, and TCR repertoire analysis, to the more recent recovery and analysis of live, islet-infiltrating CD4 þ and CD8 þ T cells, directly from the site of action in the pancreas. A broad range of autoreactive CD4 þ and CD8 þ T cells, with reactivity to known islet-associated peptides and post-translationally modified peptides, infiltrate the islets and have a proinflammatory phenotype, was identified. These studies will aid in the design of durable, antigen-specific therapies for those at risk for or with T1D.
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